A multi-azimuth offset VSP data were collected to characterize the fractured carbonate reservoir in a deviated well with a 12-level non-gimballed 3-component downhole VSP tool in Qatif field, Saudi Arabia. Estimate of fracture information about the reservoir depends on successful wavefield separation of different wave modes. Well trajectory azimuth and inclination information have been used to correct observed VSP data for proper wavefield separation. Three methods, pseudo four-component Alford rotation, two-component hodogram analysis of C waves and P wave first arrival traveltime anisotropy analysis have been used to estimate fracture orientation and crack density. The three methods gave consistent results about fracture strike at about N80 0 E which shows some difference from the initial predicted azimuth N65 0 E.
Introduction
Fractures are common in carbonate reservoirs and affect both the porosity and permeability. The characterization of fractures is therefore essential for successful exploration and production of the reservoir. Multi-azimuth 3-component VSP data can identify fracture density and orientation by measuring both the P and S wave anisotropy caused by the fractures.
Recently, a deviated well was drilled in a direction perpendicular to possible reservoir fracture orientation at N65 0 E as predicted in the Qatif Field in Saudi Arabia. A multi-azimuth VSP was acquired for the purpose of characterizing the vertical fractures within the Lower Fadhili reservoir. The VSP data consist of a total of seven offsets including two nearly orthogonal pairs. This carefully designed survey data provides an opportunity to employ different methodologies for the fracture characterization including: pseudo four-component Alford rotation method, C-wave hodogram analysis, and P wave traveltime anisotropy analysis.
Analysis of the P-wave traveltime from symmetrical shot points and shear-wave hodogram provide a clear indication of fractures within the reservoir unit. The prominent fracture orientation is confirmed by the rotation analysis of the orthogonal shot point data.
Data acquisition and preprocessing
The multi-azimuth offset VSP around the well was collected with a 12-level 3-component downhole VSP tool at seven shot locations with vibrators as seismic source. A sketch of the acquisition survey is shown in Figure 1 . Shot points (we call it VP in the following text) were evenly distributed around the well path projection. VP1, VP6 and VP4 were put right above the well path with offset 300 ft, 3420 ft and 6540 ft away from the wellhead respectively. Shot point pairs VP7 and VP2, VP5 and VP3 are symmetrical respect to the well path. The plane view and vertical projection of the well trajectory are shown in Figure 1 . The target reservoir -Lower Fadhili carbonate reservoir is marked in bottom right side of the figure. The initial prediction of the fracture orientation is N65 0 E.
Data quality is good except at some bad cementing places. As the data was collected using a non-gimballed VSP tool in a highly deviated well, well inclination correction to the observed VSP data is an important step for successful wavefield separation. There are important differences of a VSP data collected in a deviated well with a gimballed and non-gimballed VSP tool. With a gimbaled VSP tool, two horizontal phones will be always horizontal and will record P, Sv and Sh wave modes, the vertical phone will be always vertical and will record P and Sv wave modes except Sh waves. For a non-gimballed VSP tool in a deviated well, three phones are tilted, two horizontal 
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phones are not horizontal and vertical phone is not vertical and P, Sv and Sh wave modes will be recorded on all three phones.
The observed data was corrected at each depth level by using well azimuth and inclination information provided by a directional survey of the well. Different wave modes, downgoing and upgoing P, Sv and Sh waves, were separated by polarization rotation and parametric decomposition processes of the corrected data.
Anisotropy analysis
Pseudo four-component Alford rotation. The separated transmitted Sv and Sh waves observed at VP7 and VP2, VP5 and VP3 were grouped into two pairs of fourcomponent data matrices as shown in the left side of Equation 1.
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Where S 7R and S 2R , S 7T and S 2T are downgoing transmitted C waves from radial and transverse components at shot location VP7 and VP2 respectively. Alford rotation is to maximize the diagonal components and minimize the offdiagonal components after rotation with the correct angle which correlates to the fracture orientation as shown in the right side of Equation 1 where S fast and S slow represents the fast and slow transmitted C waves respectively. Time delay between S fast and S slow correlates to reservoir fracture density.
One example of the four-component transmitted C wave data matrix is show in Figure 2a from VP7 and VP2 around Lower Fadhili reservoir. The data is displayed in measured depth and some bad traces were deleted at some depth levels due to cementing problem. The output after Alford rotation is shown in Figure 2b . The Alford rotation of the two pairs of VP7 and VP2, VP5 and VP3 gives a fracture orientation at Lower Fadhili reservoir in N80 0 E, is about 15 0 different from the predicted fracture strike N65 0 E. The fast and slow transmitted C wave gives about 8 ms time delay in Low Fadhili reservoir unit which is proportional to the fracture density. A composite rose map of the Alford rotation angles for VP7 and VP2, VP5 and VP3 is shown in Figure 3 which indicates the fracture strike is N80 0 E.
Two-component hodogram analysis.
Alford rotation is based on four-component shear waves generated by a shear wave seismic source at the same shot location. Pseudo fourcomponent Alford rotation is an approximation of Alford rotation. Using offset VSP data from a P wave source, the C wave energy partitioned on transverse component as compared to that on radial component is a direct indication of shear wave anisotropy of subsurface layers, and a twocomponent hodogram analysis of transmitted C waves from two horizontal components can indicate possible fracture orientation, i.e., the angle between source-receiver direction and fracture strike azimuth.
Two-component hodogram analysis was done at each receiver depth level of the VSP data and the angles were picked and converted to azimuths and plotted in rose maps for seven shot locations (Figure 4 ). They show very good consistent azimuth angles either parallel to detected fracture strike in N80 0 E or parallel to fracture normal about N10 0 W by Alford rotation. Figure 5 shows the two component hodogram pictures at a fixed depth level inside Lower Fadhili reservoir. Shear wave splitting can be seen at some VP6 but not obvious at other shot locations sue to limited time delay in the reservoir level.
P wave traveltime anisotropy. Due to symmetric distribution of some shot points to the well path, it is possible for us to use P wave first break travel times to study P wave anisotropy for the reservoir. According to the symmetry, VP7 and VP2, VP5 and VP3, were used for P wave anisotropy analysis. The picked P wave first break times were corrected to the reservoir top as time zero, and the time difference of the two pairs from VP7 and VP2, VP5 and VP3 were calculated. It is clear that P wave traveltime differences in Lower Fadhili reservoir are increasing with depth from reservoir top to bottom as shown in Figure 6 . This shows that the azimuth VP7 and VP3 to receivers in Lower Fadhili reservoir unit are close to fracture strike, and that of VP5 and VP2 are close to fracture normal.
Conclusions
Both P and C waves were used to characterize the fractured reservoir in Qatif field, Saudi Arabia. Three different approaches were used for this purpose and resulted in consistent results. For fractured reservoir characterization, P weave traveltime/velocity anisotropy analysis of multiazimuth and multi-offset VSP or 3D VSP survey is a reliable and straight forward approach to identify fracture orientation and areas of high or low fracture density. By using all these methods and both P and C waves, fractured reservoir can be characterized with high accuracy. 
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